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Three-dimensional structure of functional motor proteins on
microtubules
Isabelle Arnal, Frédéric Metoz, Salvatore DeBonis and Richard H. Wade
Background: Kinesins are a superfamily of motor proteins that use ATP
hydrolysis to fuel movement along microtubules and participate in many crucial
phases of the eukaryotic cell cycle. Usually these motors are heterotetramers of
two heavy and two light chains, and have globular motor domains on the two
heavy chains. Most kinesins move towards the microtubule ‘plus end’, but some,
such as ncd (nonclaret disjunctional protein), move in the opposite direction.
Heavy chain dimers produced by overexpression are viable motors.
Results: In order to establish whether the opposite directionality of kinesin and
ncd dimers is related to notable conformational differences, we have used
electron cryo-microscopy and three-dimensional reconstruction methods to
investigate the structure of kinesin and ncd dimers attached to microtubules in
the presence of AMP–PNP (5′-adenylylimidodiphosphate), a nonhydrolyzable
ATP analogue. Three-dimensional maps of the motor–microtubule complexes
show the motors to have one unattached, and one attached head per tubulin
dimer. The polarity of the reconstructions was determined for each individual
microtubule. Attachment occurs on the crest of a protofilament at the end of the
tubulin dimer that points towards the plus end of the microtubule. The attached
head extends over the next tubulin molecule along the protofilament. The
unattached heads of kinesin and ncd have distinctly different conformations.
Conclusions: The attached heads of kinesin and ncd appear to be similar and to
interact with the same region of the plus end-oriented tubulin subunits. The free
heads, however, are quite different, which suggests that directionality could be
determined by differences in the dimer conformations. Work is in progress to
obtain three-dimensional maps in the presence of different nucleotides with the
aim of understanding how these motors move along microtubules.
Background
Since the discovery of kinesin in the 1980s, the use of
genetics, molecular biology and immunology has led to the
discovery of around 50 similar proteins that are now known
as the kinesin superfamily, or in short, the kinesins. These
proteins are omnipresent among eukaryotes where, in part-
nership with microtubules, they are involved in cell divi-
sion, intracellular transport and the organization of the
cytoplasm [1]. Heterotetrameric kinesins have two heavy
and two light polypeptide chains with molecular weights
typically in the ranges ∼110–130 kDa and ∼60–80 kDa,
respectively. The heavy chains are organized into three dis-
tinct regions — the motor domain, a rod-like region and a
globular tail. The motor domains have a high degree of
sequence homology throughout the family, and are usually
located at the amino-terminal end of the polypeptide chain,
although in some members of the family, like the nonclaret
disjunctional protein (ncd), they are at the carboxyl termi-
nus. The motor domains are ∼340 amino acids long and
include the ATP-binding site and the, as yet undeter-
mined, microtubule-interaction regions. The heptad repeat
regions, which are next to the motor domain, are predicted
to favour dimerization by forming rod-like a-helical coiled-
coils. At the distal end of the polypeptide chain, the tail
regions have distinctly variable sequences and, together
with the light chains, they are postulated to interact with
specific cargoes for transport along microtubules.
Microtubules are 25 nm diameter tubular assemblies of
the heterodimeric protein tubulin, the ab subunits of
which have a combined molecular weight of ∼110 kDa.
The dimers are aligned head-to-tail to form protofilaments
that run lengthwise along microtubules and associate later-
ally with a ∼0.9 nm shift to form the closed microtubule
wall. This arrangement confers on microtubules a struc-
tural polarity, and it has been shown that in cells they
always grow outwards from the centrosome with the ‘plus’
end leading. At the present time, the available evidence
Address: Laboratoire de Microscopie Electronique
Structurale, Institut de Biologie Structurale, 41
Avenue des Martyrs, 38027 Grenoble, Cedex 1
France.
Correspondence: Richard H. Wade
E-mail: wade@ibs.fr
Received: 25 July 1996
Revised: 21 August 1996
Accepted: 21 August 1996
Current Biology 1996, Vol 6 No 10:1265–1270
© Current Biology Ltd ISSN 0960-9822
Research Paper 1265
suggests that the b tubulin subunit is at the plus end of
the microtubule. The experiments in favour of this have
shown, by using GTP-coated fluorescent beads, that the
exchangeable GTP-binding site localizes at the plus end
of the microtubule [2], and that the minus ends can be
labeled with an a-tubulin-specific antibody [3]. In elec-
tron microscopy, the most successful means of determin-
ing microtubule polarity to date has been the so-called
hook decoration method, which involves growing curved
tubulin sheets off the walls of pre-existing microtubules
[4]. This is especially useful for electron microscopic
analysis of thin sections where the microtubules are
viewed end-on. Chrétien et al. [5] recently described a
method for directly determining the polarity of lengthwise
views of well-preserved microtubules observed by elec-
tron cryomicroscopy of vitreous ice-embedded samples.
This method is based on arrowhead moiré patterns that
characterize microtubule images obtained in vitreous ice.
We have applied this method to microtubules decorated
with motor proteins so as to determine directly the polar-
ity of each three-dimensional reconstruction.
The tubulin dimer leads to different possibilities for the
lateral packing of the protofilaments. There are three pos-
sible lattices, which are referred to as A, B and mixed. The
B-lattice organization of microtubules is now widely
accepted and it is the only one that we consider here [6,7].
It should be born in mind, however, that evidence in
favour of multiple seams (some degree of mixed-lattice
organization) is emerging [8,9], and there are still some
partisans for the A-lattice in cellular microtubules [10]. In
the B-lattice, identical subunits are aligned along the
shallow pitch helices formed by the offset between
protofilaments. If the surface lattice has an even number
of these helices, then the microtubule has an overall
helical structure. If the number is odd, the microtubule
has a discontinuous helical surface lattice; it is said to have
a seam because the subunits are mismatched between two
protofilaments.
Recombinant proteins that include the motor domain and
part of the a-helical heptad repeat region spontaneously
form dimers [11,12] and are viable motors [13,14]. It has
been shown that, in the presence of ATP, Drosophila
kinesin and ncd move towards the plus and minus ends of
microtubules, respectively [13,15]. The indications are that
these motors bind to the same, or closely neighbouring,
sites on the tubulin dimer [16] and that they have similar
kinetics [17]. It has also been shown that the head domain
is sufficient in itself to determine the direction of motion
[13]. Previous three-dimensional reconstructions of micro-
tubules decorated with motor monomers have confirmed
that one monomer binds per tubulin dimer and that the
microtubule is organized predominantly as a B-lattice
[8,9,18]. However, the monomer maps give no information
as to the possible structural basis for motor directionality.
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Figure 1
Dimer-decorated microtubule imaged in
vitreous ice by electron cryomicroscopy. 
(a) Kinesin dimer (DKH392) complexed with a
15-protofilament 4-start helical microtubule;
scale bar = 50 nm. (b) Computed diffraction
amplitude, the vertical scale is 8 × horizontal.
(c) Filtered image including all layer-lines
visible in (b). The 80 Å period decoration by
DKH392 is clearly visible along the edges of
the microtubules. The arrowhead moiré
pattern is best seen by squinting lengthwise
along the image. Similar images were
obtained with the ncd dimer, MC5 (data not
shown).
(a) (b) (c)
This has motivated us to examine dimer complexes in view
of providing an initial structural basis for understanding the
movement of these molecular motors. We have chosen to
work with Drosophila kinesin and ncd as archetypal plus-
end- and minus-end-directed motors, respectively. We
used the truncated amino-terminal region of kinesin, whose
sequence includes amino-acid residues 1–392 and extends
beyond the minimal motor domain by some 50 amino acids;
this protein is referred to as KHC392 by Hackney and
coworkers [11]. For ncd, the carboxy-terminal region that
we used includes amino-acid residues 295–700 and is about
40 amino acids longer than the minimal motor domain; this
is MC5 protein described by Endow’s laboratory [12].
Binding assays have indicated that, in the presence of the
non-hydrolyzable ATP analogue AMP–PNP (5′-adeny-
lylimidodiphosphate), both dimers decorate taxol-stabilized
microtubules with a stoichiometry of one motor dimer per
tubulin heterodimer [11,16].
Results and discussion
Strategy for obtaining three-dimensional maps
As mentioned earlier, the surface lattice of microtubules
does not necessarily display full helical symmetry and this
leads to two alternative approaches for obtaining three-
dimensional maps of microtubule–motor complexes,
namely helical reconstruction and reconstruction by back-
projection [19]. To facilitate this step, we decided to use
standard helical reconstruction methods by working with in
vitro assembled, 15-protofilament microtubules with a 160
Å pitch 4-start monomer lattice, or more strictly speaking a
2-start tubulin dimer lattice (referred to here as 15:4 micro-
tubules). These fully helical microtubules are decorated
with motor proteins and imaged at medium resolution
using cryoelectron microscopy of vitreous ice-embedded
samples. The moiré patterns and the calculated diffraction
intensities of 15:4 structures, as seen in Figure 1, distin-
guishes them from other microtubules recorded on the
electron micrographs, including closely related 15:3 struc-
tures with seams [5,20]. Image analysis and helical recon-
struction methods yield three-dimensional structures of
the motor–microtubule complexes that are an essential
complement to the atomic resolution structures of kinesin
and ncd obtained by X-ray crystallography [21,22]. Using
images of the type shown in Figure 1, reconstructions of
undecorated, monomer and dimer decorated microtubules
were carried out in parallel, and the results with the dimer
complexes are reported here.
The polarity of the three-dimensional maps
The ideal is to determine the polarity of the individual
microtubules used for a three-dimensional reconstruction.
In the absence of any direct method, the helical recon-
structions of microtubules published to date have been
oriented indirectly by comparing the decoration pattern of
the reconstruction with that obtained in separate experi-
ments using negative stain and involving tubulin sheets at
the ends of microtubules. Caution is necessary in such
experiments, as confusion has arisen in previous recon-
structions of single motor heads because of the use of
microtubules nucleated on axoneme fragments as a polar-
ity marker [7,23,24]. Using the method that Chrétien et al.
[5] describe for undecorated microtubules, we found that
the orientations of microtubules decorated with either
monomers or dimers could be determined unambiguously
(Fig. 2). Provided the number of protofilaments and the
handedness of the long pitch protofilament helices are
known, this allows a direct and reliable polarity assign-
ment for three-dimensional maps of microtubule–motor
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Figure 2
Microtubule polarity is determined for each
microtubule used for three-dimensional
reconstructions. (a) Filtered image of a 15:4
undecorated microtubule. For these
microtubules the arrowhead pattern is known
to point towards the plus end of the
microtubules [5], at the top. Views of the plus
end (b) and the minus end (c) of the three-
dimensional reconstruction of the microtubule;
these views are themselves characteristic of
the microtubule orientation. (d) Filtered
projection of the inner microtubule core of a
three-dimensional reconstruction of a
DKH392-decorated microtubule. Again, the
arrows point to the plus end, as verified by (e)
and (f), the end-on views of the
reconstruction. In parallel, we checked that
the relative orientations of a set of single-head
kinesin-decorated microtubule images were
unequivocally determined by this procedure,
as judged both from the orientation of the
head and from the end views.
+
–  – 
+
(a) (b) (d) (e)
(c) (f)

complexes imaged in vitreous ice. Moreover, we can
determine from the assymetric shape of the protofilaments
which end-on view corresponds to the plus and minus
microtubule extremities. These latter assignments are in
agreement with those of Sosa and Milligan [8].
Three-dimensional maps of microtubule—motor dimer
complexes
The three-dimensional reconstructions of the kinesin and
ncd dimers are shown as surface renderings with the plus
ends upwards in Figure 3a,b, respectively; end-on views of
the plus ends are shown in 3c,d. The motor dimers,
marked A for attached-head and F for free-head, stick out
from the microtubule surface as curved protuberences and
align along shallow 3-start helices; as with single heads [6],
the dimers clearly show up the microtubule B-lattice orga-
nization. They are attached at 8 nm intervals along each
protofilament, in agreement with the tubulin dimer
spacing [10,18,23,25]. The decoration stoichiometry is one
motor dimer per tubulin dimer because it is clear that one
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Figure 3
Three-dimensional maps of motor dimers
interacting with microtubules. The surface
representations show side views of
microtubules decorated with (a) kinesin
(DKH392) and (b) ncd (MC5); the
microtubule plus ends are at the top. The
arrows indicate the junction between the
attached and free heads (A and F,
respectively). (c,d) Views looking down on the
plus end of the microtubule. (e,f) Vertical
sections through a protofilament extracted
from the three-dimensional map. The contours
surround regions of higher protein density. In
each section, the protofilament is on the right
and the attached motor head on the left.
+ +
+
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+
 
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head is attached (A) to the microtubule and the other is
free (F). This supports of the idea that, except for tran-
sient periods during movement, each motor dimer has
only one head bound to a microtubule at a time. Indeed,
the motor structures shown in Figure 3 correspond closely
to the ‘tethered’ head model proposed by Hackney to
explain the half-site reactivity of the DKH392 dimer
during microtubule-stimulated ATP hydrolysis [26,27]. Of
course, one might argue that, under conditions of a satu-
rating dimer stoichiometry, steric hindrance could prevent
the simultaneous binding of both heads. It is quite clear
from the conformation of the ncd dimer that the free head
(F) is not in a position to attach to the microtubule even at
a low dimer density per microtubule. The situation is
quite different for kinesin, where the apparent lack of a
fixed conformation of the free head, as discussed below,
could be due to the impossibility of binding to the already
occupied next tubulin dimer towards the plus end.
The attached heads lie along, and in close proximity to, the
crest of a single protofilament (Fig. 3c–f). The vertical sec-
tions (Fig. 3e,f) show that the kinesin and ncd heads attach
to the tubulin subunit that is oriented towards the plus-end
of the microtubule; these results are in agreement with
those obtained by Hirose et al. [28] after re-examination of
the tubulin sheet method. We can deduce from this, and
from the labeling results mentioned previously [2,3], that
the attached heads interact with the b-tubulin subunit
located on the plus-end side of the tubulin dimer. If this is
correct, the attached heads extend over, and in close prox-
imity to, the a-subunit of the next tubulin dimer up,
towards the plus end of the protofilament. This probably
explains the results of cross-linking experiments which
show that monomeric motor domains attach to either the b
subunit or to both the a and b subunits of tubulin [6,29].
At this resolution, the attached kinesin and ncd heads
appear quite similar and apparently interact with the same
region of b-tubulin. This is not unexpected given the
sequence and atomic structure similarities between the
two proteins [21,22].
The free heads have distinctly different forms and orien-
tations. For kinesin, the long axes of the attached and free
heads make an angle of ∼110°, and the free region
stretches across to the right in the direction of the neigh-
bouring protofilament. We suspect that the ‘neck’ region,
indicated by the arrow in Figure 3a, is the junction
between the monomers, although the apparent volume of
the outer region is considerably less than expected. Exper-
iments using viruses decorated with immunoglobulin G,
for example [30], suggest that the most likely explanation
is that the free monomer has a considerable degree of flex-
ibility so that only part of its mass appears in the averaged
structure. For ncd, the free head curls back so that the
dimer forms a slightly twisted U-shape with both arms
pointing towards the minus end of the microtubule. The
arrow in Figure 3b indicates the neck, which we postulate
to be the junction between monomers; the outermost
monomer tilts away from the microtubule. Unlike kinesin,
the volume of the outer and inner monomers is similar,
indicating that, in this nucleotide state, the unattached
head has a distinct conformation and is less flexible than
kinesin.
Conclusions
We have determined the medium-resolution three-dimen-
sional structures of microtubules interacting with two func-
tional dimeric motors with opposite directionality —
kinesin and ncd. The polarity of the reconstructions was
determined individually for all the microtubules used in the
analysis. The common feature in both structures is the
attached head contacting the b subunit of the tubulin dimer
and extending almost parallel to the protofilament, above
and close to the a subunit of the visible part of the tubulin
dimer towards the plus end of the next protofilament. The
maps suggest that, in a straightened configuration, the free
head could easily span the 8 nm between the interaction
sites on adjacent tubulin dimers along the protofilament
[31,32]. The visible part of the free kinesin head points
sideways and slightly towards the plus end, and the free ncd
head folds back towards the minus end. This provides
direct evidence that, in the same nucleotide environment,
these two motor dimers have notable structural differences.
In itself, this is not sufficient to explain how these motors
move in opposite directions along a microtubule, especially
as kinesin is known to move along the protofilament direc-
tion towards the microtubule plus end [31] whilst ncd
moves both in the opposite direction and around the micro-
tubule [12]. Whatever the process, the initial and final con-
figuration and orientation of the motor should be the same
for one complete step. Based on the maps shown in Figure
3, it is difficult to see how this can be achieved without a
considerable degree of rotational flexibility [33]. In order to
understand the nucleotide-dependent conformational
changes involved in the movements of ncd and kinesin
along microtubules in more detail, we are carrying out cryo-
electron microscopic analysis of the two motors in different
nucleotide states.
Materials and methods
Microtubule assembly
Tubulin was purified from cow brain as previously described [34] and
assembled at ∼1 mg ml–1 for 30 min at 37 °C in assembly buffer
(100 mM Pipes, 1 mM EGTA, 1 mM MgCl2, ∼50 mM GTP and 10 mM
taxol; pH 6.8 with NaOH). Long stable microtubules were obtained
after 2 or 3 days at room temperature.
Purification of motor heads
Recombinant Drosophila kinesin (DKH392 [11], amino acids 1–392)
and ncd (MC5 [12], amino-acids 295–700) were expressed and puri-
fied as described.
Specimen preparation and electron microscopy
Microtubules were diluted tenfold with 6–8 mM DKH392 or MC5 (in
10 mM sodium phosphate, 50 mM NaCl, 1 mM MgCl2 and 1 mM EGTA
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(pH 7.4)) and incubated for 5 min in the presence of 1 mM AMP–PNP.
4 ml samples were pipetted onto holey carbon grids, briefly blotted, and
plunged into liquid ethane held at liquid nitrogen temperature. Speci-
mens were examined in a Philips CM 200 using a Gatan 626 cryo-
holder. Micrographs were recorded on Kodak SO 163 film under low
dose conditions at defocus in the range 2–3 mm and at a nominal mag-
nification of 27 500×. Micrographs were digitized at a sampling raster of
12.5 mm using an Optronics P1000 and transferred to a network of
Silicon Graphics workstations. At this stage, all image manipulations
were carried out using SUPRIM [35] software.
Polarity determination
To improve the visibility of the arrow-head moiré pattern, only the equator
and the n = 15 layer-lines were used to produce filtered images. For non-
decorated microtubules, the image was generated directly by inverse
Fourier transformation of the masked computed diffraction pattern. For
decorated microtubules, the three-dimensional structure was calculated
using only the equatorial and n = 15 amplitudes and phases. The cylindri-
cal core with the microtubule diameter was extracted and projected.
Three-dimensional reconstruction
The reconstructions were made using standard helical reconstruction
methods using the image treatment software package SUPRIM, inhouse
routines, and one simple script from PHOELIX [36] leading into the
MRC Fourier–Bessel three-dimensional reconstruction routine; see, for
example, [37]. The final maps were generated from the amplitudes and
phases of seven layer-lines. The reconstructions represent the average
of four data-sets for MC5 and five data-sets for DKH392. No correc-
tions were made to account for the contrast transfer function and the
resolution is about 35 Å. The isodensity surfaces, generated using
SYNU [38] were calculated for a protein density of ∼1.35 g cm–3. This
gives a slight overestimate of the tubulin and the attached head volumes
in the case of the KHC392 maps, because the expected volume of the
free head is considerably reduced due to structural flexibility.
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